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The isotopic exchange of amide hydrogens in proteins in solution strongly depends on the
surrounding protein structure, thereby allowing structural studies of proteins by mass
spectrometry. However, during electrospray ionization (ESI), gas phase processes may
scramble or deplete the isotopic information. These processes have been investigated by
on-line monitoring of the exchange of labile deuterium atoms in homopeptides with hydro-
gens from a solvent suitable for ESI. The relative contribution of intra- and inter-molecular
exchange in the gas phase could be studied from their distinct influence on the well-
characterized exchange processes in the spraying solution. The deuterium content of individ-
ual labile hydrogens was assessed from the isotopic patterns of two consecutive collision-
induced dissociation fragments, as observed with a 9.4 T Fourier transform ion cyclotron
resonance (FTICR) mass spectrometer. Results demonstrate that gas phase exchange in the
high-pressure region between the capillary and the skimmer cause substantial depletion of the
isotopic information of penta-phenylalanine and penta-aspartic acid. For penta-alanine and
hexa-tyrosine, the amide hydrogens located close to the N-terminus are depleted from
deuterium during mass analysis. Amide hydrogens located close to the C-terminus still retain
the information of the isotopic state in solution, but they are redistributed by intra-molecular
exchange of the amide hydrogens with the C-terminal hydroxyl group. (J Am Soc Mass
Spectrom 2001, 12, 410–419) © 2001 American Society for Mass Spectrometry
Amide hydrogen exchange has been proven to bea sensitive probe for protein structures andstructural dynamics [1–3]. The underlying prin-
ciple is that the rates at which amide hydrogens in
proteins undergo isotopic exchange are extremely sen-
sitive to their solvent accessibility. For example, amide
hydrogens that are hydrogen bonded in secondary
structure elements such as a-helices are highly pro-
tected against exchange, thereby providing an experi-
mental window that allows the study of the internal
motion of a protein.
Structural studies of proteins in solution have long
been aided by isotopic labeling techniques [4] and the
interest increased rapidly upon the development of new
methodologies for monitoring the isotopic state, such as
multi-dimensional nuclear magnetic resonance (NMR)
spectroscopy, and more recently, mass spectrometry
[5]. Mass spectrometry offers considerable advantages
over NMR spectroscopy in speed, sensitivity, protein
solubility, and the ability to study large proteins and
protein mixtures [1, 3, 6]. For example, mass spectro-
metric analysis of the hydrogen exchange process has
been used to study structural features accompanying
protein folding [7, 8], the structural dynamics of pro-
teins in solution [9–13] or adsorbed to solid surfaces [14,
15], and protein-ligand interaction [16].
Most mass spectrometric studies on structural as-
pects of proteins are based on following the time-
dependent mass increase upon hydrogen/deuterium
(H/D) exchange of proteolytic fragments and thus
generate average structural information for which the
specificity is determined by the size of the proteolytic
fragment. One approach to get a higher specificity is to
apply physical fragmentation methods such as low-
energy collision-induced dissociation (CID) [17]. This
approach has been successfully employed to generate
structural information on an amino acid residue level
[18, 19, 20]. Together with a new calculation method
that is based on comparing the isotopic patterns of two
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successive b-fragments [21], it is possible to accurately
determine the deuterium level of individual amide
hydrogens. However, before the masses of peptides and
peptide fragments are measured, the molecules travel
through the gas phase and, during this time, the isoto-
pic state of the molecules in solution might be affected
by two gas phase processes that need to be investigated.
First, the peptides can undergo H/D exchange with
other molecules in the gas phase. Inter-molecular ex-
change may occur in the high-pressure region following
the entrance to the mass spectrometer especially when
ions are generated by ESI [22], resulting in a depletion
of the isotopic information. Second, intra-molecular
migration of amide hydrogens in the gas phase may
scramble the locations of the labile hydrogen atoms.
The issue of intra-molecular migration of amide hydro-
gens becomes especially important if physical fragmen-
tation techniques are used in order to get structural
information on an amino acid residue level. Further-
more, one should consider the possibility that energiz-
ing the peptides by means of energetic collisions en-
hances both the inter- and intra-molecular migration of
labile hydrogens, especially if the energized peptides
have a relatively long life-span [23].
Gas phase exchange of hydrogens located on
polypeptides with other molecules, such as H2O and
D2O, in the gas phase has been well-studied [24–28].
Results indicate that gas phase H/D exchange with
H2O or D2O has to occur through a relay mechanism
which implies that H2O has to be able to form a
hydrogen bond to both a protonated and a basic site
[24–26]. Furthermore, the exchange depends strongly
on the gas phase acidity and proton affinity of the
proton donating and proton accepting groups, respec-
tively [24, 26]. It has also been observed that exchange-
able sites have to be accessible from the peptide surface
[25] and that gas phase exchange rates depend strongly
on structural features of peptides in the gas phase
[26–28]. The process of migration of labile hydrogens
within peptides is less well understood. Some studies
demonstrate that the hydrogen mobility within pep-
tides is sufficiently rapid to scramble their position [29,
30], while other studies claim that intra-molecular mi-
gration of amide hydrogens is negligible [19, 20, 31] or
only occurs at specific positions [18, 32].
The present study is focused on elucidating how
much of the isotopic information, and thus structural
information, is retained during mass analysis of pep-
tides when peptide ions are generated by electrospray
ionization and are subjected to energetic collisions in
the atmosphere-vacuum interface. The deuterium/hy-
drogen (D/H) exchange process for individual labile
hydrogens is monitored on-line after mixing homopep-
tides, for which all labile hydrogens were deuterated,
with an excess of a non-deuterated spraying solvent.
The results reveal the combined effect of the D/H
exchange process in the peptides in the spraying solu-
tion and the intra- and inter-molecular migration of
hydrogens in the gas phase that lead to depletion
and/or migration of deuterium atoms.
Experimental Procedure and Methods
Materials and Deuterium/Hydrogen Exchange
The homopeptides penta-alanine (Ala)5, tetra-alanine
(Ala)4, tri-alanine (Ala)3, tri-alanine O-methyl ester
(Ala)3-OCH3, hexa-tyrosine (Tyr)6, penta-phenylalanine
(Phe)5, and penta-aspartic acid (Asp)5, were purchased
from Sigma-Aldrich Chemie, (Steinheim, Germany).
Di-alanine (Ala)2 was obtained from Bachem
Feinchemikalien AG (Bubendorf, Schweiz). Samples
were prepared by dissolving peptides in D2O (99.9%,
Aldrich) to a final concentration of 1024 M and all labile
hydrogen atoms were allowed to fully exchange with
deuterium atoms for at least 24 hours. Deuterium to
hydrogen (D/H) exchange was initiated by rapidly
mixing 30 ml of the deuterated peptide solution with
390 ml of a spraying solution which consists of 50%
H2O, 47% methanol (p.a., Merck, Darmstadt, Germany)
and 3% acetic acid (glacial, Sigma). This mixture has a
measured pH-value of 2.8. The final relative amount of
labile deuterium atoms in this mixture is 10%. All
experiments were performed at 21.5 °C.
Mass Spectrometry
The mixture of the deuterated peptide with the spray-
ing solution was rapidly loaded in a syringe (250 ml
Hamilton) and infused into an electrospray ion source
using a syringe pump (Sage model 361, ATI Orion,
Boston, MA, U.S.A.). In most experiments, an ion source
from Analytica (Branford, CT, USA.) was used and ion
formation was assisted by using nitrogen as nebulizing
gas. The housing of the Analytica ion source was
constantly purged with dry nitrogen gas to create a
similar atmosphere for all experiments. To avoid ther-
mal activation of the migration of labile hydrogens, the
nitrogen gas was not heated. In some test experiments,
a home-built ion source was used. This ion source was
constructed from a stainless steel capillary with an
inner diameter of 0.1 mm and neither nebulizing nor
drying gas were used. Both ion sources were linked to
the Analytica atmosphere-vacuum interface and a po-
tential difference between the spraying needle and the
inlet capillary of 4 kV was applied. The flow rate of the
sample in the Analytica sprayer and in the home-built
sprayer amounted to 2 and 0.5 ml/min, respectively.
Unless stated otherwise, the Analytica ion source was
used. Mass spectrometric analysis was performed with
a Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer equipped with a shielded 9.4 tesla
super-conductive magnet (BioApex-94e, Bruker Dalton-
ics Billeria, MA, USA). Between 5 to 12 mass spectra
were recorded over a time range of one hour to monitor
the D/H exchange kinetics and acquisition of the first
spectrum was initiated within 2 minutes after mixing
411J Am Soc Mass Spectrom 2001, 12, 410–419 Migration of Amide Hydrogens
the deuterated peptides with the spraying solvent. Each
mass spectrum was measured in 110 seconds and
consisted of 65 accumulated scans. Capillary-skimmer
CID was obtained by increasing the outlet capillary
potential to 130-280 V while spectra of intact peptides
were obtained at a 60 V capillary voltage. All results
presented are from single experiments although all
experiments were repeated several times to ensure
reproducibility.
Isotopic Distributions
The high mass-resolving power obtained in the present
experiments easily resolves isotopic distributions. Eval-
uation of isotopic patterns can assist in an accurate mass
determination [33] and can yield not only the average
extent of deuterium incorporation but also the variation
in the extent of deuteration [3, 34]. The isotopic mass
distribution for a number of atoms of a certain element
is given by the binomial distribution, which depends on
the natural abundance of the stable isotopes with higher
masses than the mono-isotopic masses, for example 13C,
15N, 17O, 18O, and 2H. The convolution of the binomial
distributions of all elements constituting a peptide, can
be used to calculate the isotopic mass distribution of the
peptide, represented by relative abundances fmol(i) of
the isotopic peaks i 5 0, 1, 2, 3, ..., at equally spaced
mass increments [35], i.e.,
fmol~i! 5 O
i
f13C~a! f2H~b! f15N~c! f17O~d! f18O~e!
for all i 5 a 1 b 1 c 1 d 1 2e (1)
with f13C(a) representing, for example, the binomial
distribution of the carbon atoms for which a can vary
between zero and the number of carbon atoms present
in the peptide. Upon H/D exchange, the probability of
labile hydrogens to correspond to a mass of a deute-
rium atom increases. These labile hydrogens should be
treated as individual atoms with their corresponding
binomial distributions and they should be added to eq
1 to obtain the isotopic distribution of the whole pep-
tide. The deuterium content of labile hydrogens upon
H/D exchange can then be calculated by performing a
least-squares fit in which the difference between the
normalized relative abundances of all experimentally
observed and calculated isotopic peaks are minimized
by varying the deuterium level of the labile hydrogens
[36]. In the present study, each square difference was
weighted by the square root of the relative abundance
of the corresponding isotopic peak in the mass spec-
trum.
Recently, it has been demonstrated that the isotopic
state of individual amide hydrogens can be accurately
determined if the isotopic distribution of one CID
fragment is compared to that of a larger fragment of
which only one of the additional atoms is an amide
hydrogen [21]. A peptide can be fragmented in, for
example, a series of b ions [i.e., N-terminal fragments]
that are obtained by cleavage of the peptide bonds. For
such a series of b ions, the experimentally observed
isotopic distribution of the larger fragment, bm11, is a
convolution of the isotopic distribution of the smaller
fragment, bm, and that of the additional amino acid
residue. The corresponding mathematical expression
for the relative abundances of the isotopic peaks j, with
j 5 0, 1, 2, 3, . . ., of the larger fragment is
Abm11~ j! 5 Asc O
j
Abm~q!xfres~i!xfH/D~r!
for all j 5 i 1 q 1 r (2)
in which Ab(m11)(j) and Ab(m)(q) are the relative abun-
dances of all observed isotopic peaks in the mass
spectrum of the bm11and bm ions, respectively, Asc is a
factor that scales the relative abundances for the bm11
and bm ions, fres(i)is the isotopic distribution of all atoms
in the additional residue with a known binomial distri-
bution that can be calculated according to eq 1, and
fH/D(r) is the binomial distribution of the single labile
hydrogen, characterized by its so far unknown proba-
bility for being deuterated (r 5 0 or 1). This probability
can be calculated because Ab(m11)(j) and Ab(m)(q) can be
obtained from the mass spectrum and fres(i) can be
obtained from the natural and known isotopic distribu-
tion of the atoms in the additional residue. The proba-
bility calculation is performed by a least-squares anal-
ysis of eq 2. In this least-squares fit, the probability for
the single hydrogen to be a deuterium atom and Asc are
varied until a minimum in the least-squares difference,
weighted by the square root of the relative abundance
of each isotopic peak of the bm11 ion, is reached.
Exchange Rates for Individual Hydrogens in
Homopeptides
Labile hydrogens on side chains and on the N- and
C-termini are expected to exchange rapidly [37] and
thus adapt to the deuterium level of 0.1 in solution
before the first mass measurement in time is performed.
The amide hydrogens exchange slower and at the
present acidic conditions the exchange half-lives range
from a minute to tenths of minutes depending on the
chemical structure of the two neighboring side chains
[37, 38]. Thus for amide hydrogens, the probability of
being deuterated should be one at t 5 0, i.e., when the
deuterated peptide is mixed with the non-deuterated
spraying solution. This probability is expected to de-
crease exponentially according to the sequence specific
exchange rate until equilibrium, i.e., the deuterium
level in solution, is reached. In homopeptides, the
exchange rate of the amide hydrogen closest to the
N-terminus is affected by the positive charge on the
N-terminus resulting in a substantial decrease in the
acid-catalyzed reaction and increase in the base-cata-
lyzed exchange reaction. In the spraying solution, the
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exchange rate of the amide hydrogen closest to the
N-terminal residue is approximately three times higher
than that of all other amide hydrogens in homopeptides
which should have identical exchange rates [37]. Any
deviation from such an exchange process denotes gas
phase exchange processes such as depletion of deute-
rium through inter-molecular exchange with solvent
molecules or intra-molecular exchange between amide
hydrogens and labile hydrogens located on, for exam-
ple, the end termini.
Results
Hydrogen Exchange in Alanine Homopeptides
To study the effect of the peptide length, and thus the
relative influence of the C- and N-termini on deuterium
depletion, the deuterium levels for amide hydrogens as
function of the exchange time in solution was investi-
gated for alanine homopeptides ranging from two to
five alanine residues. For (Ala)2 the average deuterium
content of the labile hydrogen atoms was calculated
from the isotopic distribution of [(Ala)21H]
1 according
to eq 1. The increase in the deuterium content for each
added alanine residue was calculated by comparing the
isotopic distributions of the (Ala)n to (Ala)n11 signals
according to eq 2. Figure 1 shows the resulting deutera-
tion levels as a function of the exchange time in the
spraying solution.
For the amide hydrogen on (Ala)2 it was observed
that the resulting deuteration level was similar to that in
solution regardless of the exchange time. Apparently,
all labile hydrogens in (Ala)2 adapted rapidly to the
deuterium content in the spraying solvent. If one ala-
nine residue was added to (Ala)2, i.e., (Ala)3, the deu-
teration level for the added amide hydrogen displayed
the expected exponential decay as function of time.
However, when the exponential decay was extrapo-
lated to t 5 0, the deuteration level was less than one,
indicating that the expected deuteration level was
partly depleted during mass spectrometric analysis.
Further additions of alanine residues resulted in the
expected additional deuterium content of one at t 5 0
followed by the exponential decrease in time to the
deuterium content of 0.1 in solution. The exchange rate
amounted to 0.15 min21, which is close to the expected
exchange rate of 0.16 min21 [21, 37, 38].
These results demonstrate that amide hydrogens are
not equally subjected to gas phase exchange processes
Figure 2. Relative abundances of penta-alanine and its fragments obtained by capillary-skimmer
dissociation ESI FTICR mass spectrometry. The relative abundances of the precuresor ion [MH]1, the
dehydrated precursor ion [MH-H2O]
1, and the b4 and b3 ions were used for the calculation of the
deuterium levels of individual hydrogens.
Figure 1. The average deuteration level for all labile hydrogens
in (Ala)2 (filled circle) as calculated from the isotopic distribution
of [(Ala)21H]
1 according to eq 1 and the increase in the deuterium
content that results from the addition of an alanine residue to
(Ala)2 (open square), (Ala)3 (open triangle), and (Ala)4 (open
circle). This increase in the deuterium level was calculated by
comparing the isotopic distribution of the (Ala)n to that of the
(Ala)n11 signals according to eq 2.
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that cause depletion of the deuterium level. Further-
more, it can be concluded that for every additional
alanine residue to (Ala)3 the added amide hydrogen has
a deuteration level that corresponds to the expected
deuterium content of the amide hydrogens in the spray-
ing solution and is thus not depleted from isotopic
information during the mass spectrometric measure-
ment.
To investigate the exact location of deuterium atoms
in alanine homopeptides, (Ala)5 was subjected to a
solution state D/H exchange process followed by phys-
ical fragmentation by means of capillary-skimmer dis-
sociation. By comparing the isotopic distributions of the
different fragment ions, the deuterium content of the
labile hydrogen located in the part constituting the
difference between the two fragment ions was calcu-
lated according to eq 2. An example of a capillary-
skimmer dissociation spectrum is shown in Figure 2.
The isotopic patterns of the precursor ion, the dehy-
drated parent ion, and the b4 and b3 ions were used for
the calculations of the deuteration levels for individual
hydrogens.
When the isotopic distribution of [MH]1 was com-
pared to that of [MH-H2O]
1, it was found that the sum
of the deuterium content of the two hydrogen atoms in
the released H2O molecule amounted to 1.660.1 when
the exchange time was extrapolated to t 5 0. In (Ala)5,
dehydration occurs either through a release of H2O
from the C-terminal carboxyl group or through the
release of the amide carbonyl of the peptide backbone
[39]. Dehydration from the C-terminal carboxyl group
involves protonation of the hydroxyl group and is
supposed to be the favorable mechanism for charge-
directed fragmentation (pathway 1 in Scheme 1) [40].
This means that both hydrogens, which are expected to
have a deuteration level of 0.1 in the spraying solution,
increased their deuteration level during mass analysis.
Dehydration through a H2O loss of the amide carbonyl
involves transfer of the C-terminal hydroxyl hydrogen
to the nearest amide carbonyl oxygen according to the
Thorne-mechanism [41]. In the next step, the two H-
atoms and the O-atom of the amide group can be
released leaving an oxazolone structure (pathway 2,
Scheme 1). In this pathway, the C-terminal hydrogen
together with the amide hydrogen on the fifth residue
are released. It has been found that charge-remote
elimination of small molecules from peptides is often
preceded by the H-shift from the carboxyl group ac-
cording to the Thorne-mechanism [42]. Dehydration
from the C-terminal carboxyl group would leave the
amide hydrogen on the fifth alanine residue on [MH-
H2O]
1 whereas the Thorne-mechanism would leave the
extra proton giving the net positive charge. The deute-
rium content of this hydrogen, as obtained from the
difference in the isotopic patterns of [MH-H2O]
1 and
the b4-ion, was similar to the deuterium content in
solution regardless of the exchange time (See Figure 3).
As it is highly unlikely that the expected excess deu-
teration level of the amide hydrogen is fully transferred
to the proton, it is assumed that the proton is retained
on the dehydrated fragment (pathway 2).
By comparing the differences in the isotopic patterns
between the observed peaks using the above-men-
tioned conclusion that dehydration occurs through
pathway 2, (1) the deuterium content of the amide
hydrogen on the fourth residue, (2) the proton giving
the positive charge, and (3) the average deuterium
content of the amide and hydroxyl hydrogens on the
fifth residue could be calculated. Figure 3 shows the
resulting probabilities for the deuteration level as func-
tion of the exchange time in solution. If an exponential
decay is observed for the deuterium content as a
function of the exchange time, the solid line through the
data points represents the result of fitting exponentially
decaying functions to these data. Otherwise, the solid
line represents the average deuterium level. An estima-
Scheme 1.
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tion of the reproducibility and the precision of the
determination of the deuterium content of individual
amide hydrogens was obtained by examining the expo-
nentially decreasing deuteration level of the amide
hydrogen on the fourth residue in three experiments.
From these three experiments an exponentially decay-
ing curve was constructed by fitting an exponential
function through all individual data points and none of
the individually calculated deuterium levels differed
more than 0.04 mass units from this curve.
The difference in the isotopic distributions of the b4
and [MH-H2O]
1 ions resulted in a deuteration level of
0.1 for the single labile hydrogen regardless of the
exchange time. Assuming pathway 2, this value reflects
the deuterium content for the proton giving the positive
charge. The average time-dependent deuterium content
of the two labile hydrogens on the fifth residue was
similar to that of the amide hydrogen on the fourth
residue. The exchange rates for the two hydrogens on
the fifth residue amounted to 0.17 min21 and for the
hydrogen on the fourth residue to 0.14 min21, respec-
tively. These values are close to the value of 0.15 min21
as observed from the difference of the isotopic patterns
of (Ala)3, (Ala)4, and (Ala)5 (See Figure 1). The deutera-
tion levels at t 5 0 were less than one for the three
hydrogens that followed an exponential decay. For the
solution state it is expected that the two amide hydro-
gens have a probability of one for being deuterated at
t 5 0 whereas the hydroxyl hydrogen is expected to
attain the deuterium content of 0.1 in solution before the
first mass spectrum is recorded. As the total deuterium
content for these three hydrogens at t 5 0 matches that
of the expected deuterium content in solution, it is
inferred that the hydrogens migrate intra-molecularly
between these amide groups and the hydrogen on the
carboxyl group.
The b3 ion was the smallest b ion observed in the
mass spectrum and thus no information could be ob-
tained for the amide hydrogens on the first and second
residue. However, the deuterium content of the amide
hydrogens closer to the N-terminus can be estimated if
the average deuterium content of all amide hydrogens
is calculated for the mother ion, and the b4- and b3-ions.
In this calculation, it is assumed that the deuterium
level of all other labile hydrogens amounts to 0.1. The
results of these calculations are displayed in Figure 4
and it can be seen that the average deuterium content of
amide hydrogens strongly decreases when the amide
hydrogens are located closer to the N-terminus. From
the different deuteration levels of the various hydro-
gens within a peptide, it also can be concluded that
migration between these hydrogens is limited.
Exchange of Individual Hydrogens in Hexa-
Tyrosine
The homopeptide (Tyr)6 was analyzed in a similar
fashion as (Ala)5. Capillary-skimmer CID of (Tyr)6
resulted in b5, b4, and b3 ions, which allowed for the
calculation of the deuterium content of labile hydrogens
on the sixth, the fifth, and the fourth residue as dis-
played in Figure 5. The deuterium content of the amide
hydrogen on the sixth residue was calculated by com-
paring the isotopic distributions of the precursor ion
and the b5 ion. The difference between these two
fragment ions comprised three labile hydrogens and it
was found that the deuteration level of the single amide
hydrogen is more than one when it was assumed that
the other two labile hydrogens have a deuterium con-
tent of 0.1. Similar to the case of (Ala)5, it was inferred
that the carboxyl hydrogen increases its deuteration
level during mass analysis and the average deuterium
content for the two C-terminal hydrogens was calcu-
lated and presented in Figure 5. The deuterium contents
of the amide hydrogens on the fifth and fourth residue
could be established unambiguously by comparing the
isotopic distributions of the b5 and b4, and the b4 and b3
Figure 3. The deuterium contents of individual hydrogens in
penta-alanine; the average deuteration level of the two labile
hydrogens on the C-terminal residue (H1) (open circle), the
deuterium content of the amide hydrogen on the fourth residue
(H2) (open triangle), and the deuterium content of the proton
giving the positive net charge (H13) (open square).
Figure 4. The average deuterium content of the amide hydro-
gens in (Ala)5 (filled circle), the b4 ion (filled triangle) and the b3
ion (filled square) as calculated by using eq 1. The deuteration
level of all other labile hydrogens was assumed to be 0.1.
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ions, respectively. The labile hydrogens on the sixth and
fifth residue displayed a similar exchange behavior
with a deuterium content below one at t 5 0. Only the
amide hydrogen on the fourth residue showed the
expected exchange behavior with a deuterium content
of one at t 5 0 followed by an exponential decrease
until the solution state deuterium content was reached.
These results indicate that only the two amide hydro-
gens on the amino acid residue closest to the C-
terminus are involved in intra-molecular exchange with
the carboxyl hydrogen, whereas the amide hydrogen
further away from the C-terminus is unaffected by this
process. This indication was supported by the result
from the calculation of the total deuterium content on
the two C-terminal residues, as obtained from the
difference in the isotopic patterns of the mother ion and
the b4 ion. This calculation showed that exactly two
hydrogens had a probability of one for being deuterated
at t 5 0 if all other labile hydrogens had a probability of
0.1. The exchange rate of the amide hydrogen on the
fourth residue amounted to 0.11 min21 while, based on
NMR spectroscopy data [37], a three-fold slower ex-
change rate than that of amide hydrogens in (Ala)5 was
expected.
The deuterium levels of amide hydrogens closer to
the N-terminus were estimated by comparing the suc-
cessive change in the average deuterium content of
amide hydrogens in the precursor ion, and the b5, b4,
and b3 ions. The results of these calculations are dis-
played in Figure 6. Similar to the case of (Ala)5, it is
observed that the average deuterium content of amide
hydrogens decreases when C-terminal amino acid res-
idues are successively released from the peptide and it
can thus be concluded that the amide hydrogens close
to the N-terminal part of the peptide are at least
partially depleted from deuterium.
Exchange of Individual Hydrogens in Penta-
phenylalanine and Penta-aspartic Acid
The capillary-skimmer dissociation spectrum of both
penta-phenylalanine (Phe)5 and penta-aspartic acid
(Asp)5 yielded b5, b4, b3, and b2 ions which allowed for
the calculation of the deuterium level on the fifth,
fourth, and third residue, respectively. For the calcula-
tion of the deuterium content of the fifth residue it was
assumed that the amide hydrogen and the C-terminal
hydroxyl hydrogen had the same deuterium level
whereas other labile hydrogens that were released by
the formation of the b5 ion had a deuterium content of
0.1. The results of analyzing the time-dependent deute-
rium levels of individual hydrogens in (Phe)5 and
(Asp)5 are displayed in Figures 7 and 8, respectively.
The deuterium level for the hydrogens on (Phe)5 indi-
cates that there was a relatively small amount of excess
deuterium on the amide positions after shorter expo-
Figure 5. The deuterium contents of individual hydrogens in
hexa-tyrosine; the average deuteration level of the two labile
hydrogens on the C-terminal residue (H1) (open cirle), the deute-
rium content of the amide hydrogen on the fifth residue (H2)
(open triangle), and the deuterium content of the amide hydrogen
on the fourth residue (H3) (open circle).
Figure 6. The average deuterium content of the amide hydro-
gens in (Tyr)6 (filled circle), the b5 ion (filled triangle), the b4 ion
(filled square), and the b3 ion (filled diamond) as calculated by
using eq 1. The deuteration level of all other labile hydrogens was
assumed to be 0.1.
Figure 7. The deuterium contents of individual hydrogens in
penta-phenylalanine; the average deuteration level of the two
labile hydrogens on the C-terminal residue (H1) (open circle), the
deuterium content of the amide hydrogen on the fourth residue
(H2) (open triangle), and the deuterium content of the amide
hydrogen on the third residue (H3) (open square).
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sure times to the spraying solution but for (Asp)5 no
excess deuterium was observed. Apparently, the deu-
terium level in both peptides is considerably, or even
completely, reduced before mass detection takes place.
Discussion
Mechanisms of Inter- and Intra-molecular
Migration of Hydrogens
The results demonstrate that for all peptides two amide
hydrogens closest to the N-terminus are considerably
depleted from any excess deuterium. One reason for the
low deuterium content on the amide hydrogens close to
the N-terminus may be the increase in exchange rates of
the base catalyzed exchange process in the spraying
solution because of electrostatic attraction between
OH2 ions and the NH3
1 group on the peptide. How-
ever, in the spraying solution containing 3% acetic acid,
the acid-catalyzed reaction contributes less than 10% to
the overall exchange reaction and only a three-fold
increase in the exchange rate is expected compared to
the other amide hydrogens [21, 37, 38]. Furthermore,
the effect of the NH3
1 group in the exchange reaction
should be negligible for the exchange rate of the amide
hydrogen on the third residue from the N-terminus
[37]. Another explanation is that the N-terminal labile
hydrogens are involved in extensive gas phase ex-
change with water molecules present in the high-
pressure region of the mass spectrometer. This mecha-
nism is supported by the complete depletion of
deuterium if (Ala)2 is sprayed in an ambient laboratory
atmosphere containing water vapor with the home-
built spraying needle rather than sprayed in the nitro-
gen atmosphere (data not shown). For the gas phase
exchange with water molecules, a relay mechanism has
been proposed that involve hydrogen-bond formations
of a water molecule with both a protonated site (N-
terminus) and a less basic site (amide oxygen) [24]. The
importance of this relay mechanism is supported by a
study in which it has been observed that shielding of
the N-terminus resulted in a dramatic reduction of
inter-molecular exchange in the gas phase [43]. The
inter-molecular exchange through a relay mechanism
can explain the loss of excess deuterium in the gas
phase and it explains why this depletion is restricted to
the amide hydrogens close to the N-terminus.
For (Ala)5 and (Tyr)6, it is observed that the com-
bined deuteration levels on the two C-terminal residues
match that of the expected deuterium levels in solution.
Apparently, the C-terminal hydrogens are not involved
in inter-molecular exchange in the gas phase. The same
conclusion is drawn from an experiment in which the
deuterium content of (Ala)3 is compared to that of a
tri-alanine peptide that has a methylated C-terminus.
This experiment demonstrates that the additional labile
hydrogen on the C-terminal hydroxyl group of (Ala)3
has deuterium levels of 0.1 regardless of the exchange
time, if the deuterium content on the rest of the two
molecules is identical (data not shown). Also in other
studies it has been observed that the C-terminal hy-
droxyl group is not involved in gas phase exchange
with water molecules [24]. Although inter-molecular
exchange does not occur for residues in (Ala)5 and
(Tyr)6 that are located close to the C-terminus, intra-
molecular migration does occur, probably by a relay
mechanism in which the carboxyl group provides the
proton donating and accepting group that “relays” the
migration of the hydrogens on the two nearest amide
positions.
In conclusion, it can be stated that both inter- and
intra-molecular migrations of labile hydrogens occur in
peptides during ESI mass spectrometric analysis. How-
ever, the migration depends strongly on the position of
the hydrogens within the peptide and it is limited by
the requirement of the formation of a chemical gas
phase structure that can relay the migration of hydro-
gens. One should note that by applying a higher poten-
tial on the outlet of the capillary to induce fragmenta-
tion, inter- and intra-molecular exchange could be
enhanced. However, the similarity between average
deuterium levels of peptides that had and had not been
subjected to capillary-skimmer CID in our experiments
indicates that energizing the fragments by collisions
does not enhance inter-molecular migration.
The amide hydrogens of (Phe)5 and (Asp)5 show a
different exchange behavior than those of (Ala)5 and
(Tyr)6. The former two are almost completely depleted
from any excess deuterium regardless of the position of
the amide hydrogen. In (Asp)5, amide hydrogens may
exchange intra-molecularly with the carboxyl hydro-
gens on the side chains, which in turn facilitates inter-
molecular exchange with water molecules in the gas
phase as side chains are more accessible [25]. Another
possibility is that the amide hydrogens in (Asp)5 ex-
change rapidly in the spraying solution. The exchange
rate of amide hydrogens in (Asp)5 are expected to
exchange with an exchange rate in the order of one
Figure 8. The deuterium contents of individual hydrogens in
penta-aspartic acid; the average deuteration level of the two labile
hydrogens on the C-terminal residue (H1) (open circle), the
deuterium content of the amide hydrogen on the fourth residue
(H2) (open triangle), and the deuterium content of the amide
hydrogen on the third residue (H3) (open square).
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minute [37] which should still give an excess deuterium
at the first few time points measured. However, the
influence of the acid side chain is not very well charac-
terized [37] and it is thus possible that the actual
exchange rate is significantly higher than expected. The
above mentioned mechanisms do not, however, explain
the depletion of excess deuterium in (Phe)5 which
should have a similar exchange rate as that of (Tyr)6 in
solution. One possible explanation is that the relatively
strong basic properties of the amide groups in (Phe)5, as
induced by the phenylalanine side chains, enhances gas
phase exchange with water molecules. Another possi-
bility is that the gas phase conformation of (Phe)5
facilitates the gas phase exchange reactions. It has been
observed that the possibility for gas phase exchange
according to the “relay mechanism” depends strongly
on the gas phase conformation of the peptide resulting
in less extensive gas phase exchange for more extended
gas phase structures [44]. It has also been observed that
with increasing lengths of glycine homopeptides, gas
phase exchange is strongly reduced [24]. To explain this
behavior, Campbell et al. [24] propose that the longer
peptides fold in a b-sheet configuration to solvate the
charge site, thereby creating hydrogen bonds including
amide hydrogens that restrict their migration.
Implications for Hydrogen Exchange Studies on
Protein Structures
The usual procedure to study structural aspects of
proteins with mass spectrometry is to dilute a protein in
a deuterated solvent and relate the experimentally
determined rate of deuterium incorporation to struc-
tural aspects of the proteins. Mass determination is
often preceded by a proteolytic cleavage step to give
more specific structural information on a proteolytic
fragment level. Hereby, it is assumed that back ex-
change only occurs during digestion and separation.
This back exchange is corrected for by measuring the
deuterium content from proteolytic fragments of a
protein in which all labile hydrogens had been replaced
by deuterium atoms. This so-called 100% control is
often used to scale the experimentally observed mass
increases of the proteolytic fragments upon H/D ex-
change in solution [10].
The observation that some amide hydrogens in pep-
tides are completely depleted from any excess deute-
rium during mass spectrometric analysis suggests that
the observed mass increase of proteolytic fragments
upon H/D exchange does not necessarily represent the
summation of the structure-dependent deuterium in-
corporation at all individual amide positions. It is
known that hydrogens on the N-terminus back-ex-
change rapidly with solvent hydrogens [31]. The
present results indicate, however, that not only the
hydrogens on the N-terminal residue are depleted from
deuterium but also that the amide hydrogens on the
second and third residue can be significantly depleted
from any excess deuterium. In other words, no struc-
tural information can be obtained for residues on the
N-terminal side of proteolytic fragments. This severely
limits the possibility to gain a higher specificity of the
structural information of proteins by studying deute-
rium incorporation into smaller proteolytic fragments.
One approach to obtain a higher structural resolu-
tion is to study the mass increase of proteolytic frag-
ments that partially overlap in their sequence [45].
Another approach is to use physical fragmentation
methods which has been successfully applied to study
structural aspects of peptides [20, 46], and proteins [19,
31, 32]. The feasibility of using physical rather than
biochemical fragmentation methods was considerably
increased by the development of electron capture dis-
sociation [47] which, in combination with preactivation,
allows for the fragmentation with a high sequence
coverage for proteins up to 40 kDa [48]. The variation in
deuterium levels between the various amide hydrogens
in (Ala)5 and (Tyr)6 indicates that the migration of
amide hydrogens is restricted and thus potentially
allows structural studies on an amino acid residue level.
However, migration is observed if hydrogens can be
relayed from one position to the other through an
intermediate chemical group such as a carboxylic
group. It is likely that some of the amino acid side
chains are also able to mediate this hydrogen transfer.
Therefore, the exact natures of intra-molecular migra-
tion require investigation before accurate structural
information of proteins on an amino acid residue level
can be obtained.
Conclusions
By monitoring the deuterium to hydrogen exchange
process of individual labile hydrogens in homopep-
tides, it is observed that both intra- and inter-molecular
migrations of hydrogens occur. However, the difference
between deuterium levels of individual amide hydro-
gens in some homopeptides also demonstrates that the
migration process does not result in a complete scram-
bling. These observations can be explained, assuming
that migration is restricted by the possibility of the
peptides to form gas phase structures in which a
hydrogen can be relayed from one position to the other
through an intermediate proton donating and accepting
group. For (Ala)5 and (Tyr)6, this means that amide
hydrogens located close to the N-terminus are depleted
from any excess deuterium because of an exchange
process that is mediated by water molecules in the gas
phase. The amide hydrogens located close to the C-
terminus undergo internal conversion with the hydro-
gen on the carboxyl group. However, two other ho-
mopeptides, (Phe)5 and (Asp)5, are almost completely
depleted from any excess deuterium during ESI mass
spectrometric analysis. This implies that for structural
studies based on a solution state H/D exchange pro-
cess, structural information can be selectively lost for
418 BUIJS ET AL. J Am Soc Mass Spectrom 2001, 12, 410–419
certain sequence specific positions of amide hydrogens
during mass spectrometric analysis.
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